Introduction
Maize (Zea mays L.) is an important cereal crop worldwide, serving as a major staple for both human consumption and animal feed. It has also become a key resource for industrial applications and bio-energy production (Chen et al., 2012) . Maize is one of the most versatile crops, due to its wider adaptability and higher productivity and hence grown over a wide range of environmental conditions. However, future global food security is at risk because of global climate change (Christensen and Christensen, 2007) . Global climate changes have led to increased temperatures and increased frequency of droughts in some
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Journal homepage: http://www.ijcmas.com Studies were conducted to determine the gene action for heat adaptive traits and grain yield under heat stress condition by using the hybrids generated in L×T and NCD-II. The results revealed predominance of non-additive gene action for heat stress adaptive traits in both the experiments. Among the parents, ZL135005 and CAL1730 of L×T experiment and ZL132088 and CZL0522 of NCD-II were good general combiners for heat tolerance component traits like leaf firing, tassel blast and also for yield contributing traits and hence these lines could be used for generating pedigree crosses for deriving second cycle inbreds. Hybrids viz., ZL134989×CML470 and ZL135003×CML 470 of L×T; VL1010963× ZL132070 and VL062655×CAL1427 of NCD-II showed desirable specific combining ability effects for maximum number of traits. These hybrids could be taken forward for multi-location testing under heat stress condition. Association studies revealed that plant height (0.199, 0.286) and number of grains per cob (0.458, 0.453) were positively associated with grain yield and ASI (-0.113, -0.107 ) leaf firing (-0.163) and tassel blast (-0.165) were associated negatively with grain yield. Tassel blast and leaf firing could be considered as negative traits for selection of tropical maize lines /hybrids under heat stress condition.
parts of the in some other parts of the globe leading to the occurrence of abiotic stresses in crops. globe and floods Abiotic stresses are often interrelated, either individually or in combination. They cause morphological, physiological, biochemical and molecular changes that adversely affect plant growth and productivity, and ultimately yield. Maize is highly productive under optimal environmental and crop management conditions, but susceptible to serve drought and extreme heat; each year, an average of 15% to 20% of the potential world maize production is lost due to these stresses (FAO STAT 2006 -2008 Lobell et al., 2011) . Further, it has been estimated that 2 o C increase in temperature above 30 o C reduces the maize yields by 13% as compared to 20% intra-seasonal variation in the rainfall, which reduces the maize yields by 4.5% (Rowhani et al., 2011) and every degree increase in day temperature above 30 o C would decrease yield by 1 % in optimum conditions and 1.7% in drought conditions . In addition to the above, a record drop in global maize production due to heat waves has been reported (Cairns et al., 2012) .
Maize plants become susceptible to high temperatures after reaching eight-leaf stage or V8 (Chen et al., 2010) . Extremely high temperature causes permanent tissue injury to developing/young leaves and the injured tissues dry out quickly (a phenomenon known as leaf firing). It can also cause drying of complete tassel (or most of it) without pollen shedding, a phenomenon known as tassel blast. Under severe heat stress, leaf firing and tassel blast occur together. Plants with severe leaf firing and tassel blast lose considerable photosynthetic leaf area, produce very little pollen and small ears, and show reduced kernel set and kernel weight (Chen et al., 2012) . Moderate heat stress occurring at early reproductive stages reduces pollen production, pollination rate, kernel set, and kernel weight, resulting in significant yield loss (Cantarero et al., 1999; Wilhelm et al., 1999) . It has been suggested that each l°C (1.8°F) increase in temperature above threshold could result in 1% to 2% and up to 3% to 4% of grain yield reduction (Shaw, 1983) .
In view of this, there is a need to develop heat stress resilient maize hybrids to suit the changing climate. The study of genetic factors involved in plant responses to heat stress can provide a foundation for breeding maize with improved heat tolerance. Hence, it is essential to determine the genetics of heat adaptive traits and also yield and its components traits under heat stress condition by using different mating designs as the reports on these aspects are limited. This study aims to compare the results obtained by analysing the hybrids developed by using L×T as well as NCD-II designs with respect to gene action for various traits under heat stress and to identify good general and specific combiners for heat stress adaptive traits for future use in breeding programmes targeting improved heat tolerance in maize.
Materials and Methods
Study site and experiment details
The present investigation was carried out at Agriculture College Farm, Bheemarayanagudi (16°44' N latitude and 76°47' E longitude with an altitude of 458 m above mean sea level) during summer (mid-March to June), 2015. The experimental material consisted of two sets of hybrids; one set (86 hybrids) was developed using 43 tropical female lines (elite lines but reaction of these lines to heat stress was not known) crossed with two testers (Table 1) in L × T design (experiment-I). In another set, 49 hybrids were developed using seven tropical female and seven male lines (Table 2) by crossing in NCD-II design (experiment-II). These hybrids were developed at CIMMYT-Asia regional programme, ICRISAT campus, Patancheru, Hyderabad, India. Each entry was planted in one row plot of 4.0 m length at a spacing of 60 cm × 20 cm. Recommended agronomic practices were adopted to raise a healthy crop under drip irrigation. The hybrids (without parents) were evaluated in alpha-lattice design with two replications under natural heat stress condition by delayed plating (in mid-March) during Spring season.
Data collection and analysis
Anthesis and silking dates and ears per plot were recorded on per plot basis, whereas, plant height (cm), ear height (cm), number of grains per cob, ear length (cm), ear girth (cm), test weight (g) and shelling per cent were recorded on five randomly selected representative plants in each plot. The sample cobs were shelled, cleaned and grain weight and shank weight were recorded to calculate the shelling per cent. Test weight was measured by counting 100 grains from the bulk of each plot after shelling and weighed in grams after the moisture was adjusted to 12.5%.
Anthesis to silking interval (ASI) was calculated by subtracting the number of days taken for 50% anthesis from the number of days taken to 50% silk emergence. Leaf firing was recorded by the counting the number of plants that showed leaf firing symptoms (younger leaves near tassel burnt or dried) in the total number of plants in a particular plot, and expressed in percentage. Similarly, tassel blast was obtained by the counting the number of plants that showed tassel blast symptoms (tassel dried with partial or no pollen shedding) in the total number of plants in particular plot and expressed in percentage. Grain yield per plant (g) was calculated by dividing the grain yield per plot by total number of plants in the plot.
The estimates of general combining ability for females and males and specific combining ability for crosses were estimated as per Kempthorne (1957) in Experiemnt-I and Comstock and Robinson (1952) in Experiment-II, separately. The phenotypic correlation coefficients for various characters were calculated as per the method suggested by Al-Jibouri et al., (1958) for both the experiments using WINDOSTAT 9.2.
Weather data during crop growth period indicated that the most of the cropping period was under heat stress as indicated by the prevalence of high temperature (Tmax >35 0 C and Tmin >22 0 C) and low RH (<40%) leading to proper evaluation of hybrids under heat stress. Further, Vapour Pressure Deficit (VPD) was also calculated (Abtew and Melesse, 2013) to measure drying power of the air around crop canopy which plays a key role in the overall effect of high temperatures on plant tissues as it indicates the deficit between the amount of moisture present in the air at a given air temperature and the amount of moisture the air can hold when it is fully saturated .
VPD at experimental site was >3.00 kPa and thus indicating heat stress during 8 th , 9 th and 10 th weeks which coincided with flowering period of the crop (Table 3) .
Results and Discussion
Analysis of variance for combining ability revealed that variance due to lines was highly significant for anthesis date, silking date, plant height, ear height and ear length. Variance due to testers was highly significant for all the traits, except leaf firing, ear length, shelling percentage and grain yield per plant. Female × male interaction variance was highly significant for tassel blast, ear girth and number of grains per cob in experiment-I (L×T experiment, data not shown).
In experiment-II (NCD-II), variance due to female was highly significant for tassel blast, leaf firing, shelling percentage, test weight and grain yield per plant. Variance due to male was highly significant for all traits, except anthesis date, anthesis to silking interval, shelling per cent and grain yield per plant. Female × male interaction variance was highly significant for anthesis date, shelling percentage and grain yield per plant (data not shown).
Variances due to SCA were higher than the GCA variances for all the traits indicating preponderance of non-additive gene action in the inheritance of these traits in both the experiments (Table 4) . This fact was supported by low GCA variance to SCA variance ratio. The inheritance of traits under heat stress in both the experiments was similar for all traits under study. Predominance of non-additive gene action for plant height, ear height, anthesis date, silking date, leaf firing, tassel blast was in accordance with the results of Rupinderkaur et al., (2010) . Similarly, predominance of non-additive gene action for anthesis date, silking date and 75% brown husk maturity (Tassawer et al., 2007) and for plant height, tassel blast and leaf firing have been reported. This suggests the importance of non-additive gene action in expression of these traits and further the opportunity for exploitation of heterosis for improving heat stress tolerance in maize.
General combining ability effects
Estimates of general combining ability (gca) effects of parents of both the experiments are presented in Table 5 . In experiment-I, parents viz., ZL135005 possessed desirable gca effects for ear height (9.02), ear girth (0.97), number of grains per cob (71.60) and grain yield (33.64) and CAL1730 for plant height (21.51), ear height (10.02), and number of grains per cob (55.85). Among the testers, CML 472 was good general combiner for ASI (-0.90), tassel blast (-20.57, plant height (9.57) and test weight (1.76). In experiment-II, ZL132088 and CZL0522 were good general combiners for tassel blast (-8.11 ) and shelling percentage (3.98), respectively. Among the testers, CAL14113 was a good general combiner for grain yield (13.13) and ear length (1.16). Use of these parents in breeding programme would be effective to commercially exploit nonadditive genetic variation for heat tolerance traits and also grain yield in spring maize by developing heat tolerant hybrids.
Specific combining ability effects
The crosses with highly positive and significant estimates of sca effects could be selected for their specific combining ability to use in maize improvement program (Abrha et al., 2013) . The specific combining ability effects of all the crosses were considered and top three hybrids were selected among the crosses for selected traits based on their sca effects and presented in Table 6 .
In experiment-I, ZL135007 × CML 470 was a superior hybrid, which showed desired sca effects for the traits viz., tassel blast (-33.12), leaf firing (-16.86 ) and grain yield (18.78). Another hybrid in the same experiment, ZL135003 × CML470 exhibited desirable sca effects for number of grains per cob (78.81) and test weight (6.66). Hybrid, ZL134993 × CML 472 was a high yielding hybrid (27.21) which also exhibited desirable sca effects for number of grains per cob (67.69).
In experiment-II, CZL0522 × CAL 1427 was a desirable cross as it recorded desirable sca effects for most of the traits viz., plant height (18.31), number of grains per cob (71.95), test weight (3.68), grain yield per plant (24.93) as well as heat tolerance and it could be used as a high yielding, heat tolerant and tall stature hybrid (Table 6 ). (-3.54) , which is an important trait for getting high yield under heat stress condition. identified good general and specific combiners for heat stress tolerance from his studies.
Association of selected traits under heat stress condition
The association of traits under heat stress condition indicated that important heat tolerant traits viz., tassel blast and leaf firing exhibited negative association with yield and yield contributing traits (Table 7) . Yield per plant was negatively associated with the tassel blast (-0.165) in Experiment-I. Leaf firing and tassel blast showed negative significant correlation with plant height in experiment-I (-0.333, -0.203) but in experiment-II, only tassel blast showed negative association with plant height (-0.220). The negative association of grain yield with tassel blast was also reported by Rupinderkaur et al., (2010) . Further, plant height was positively correlated with grain yield (0.199, 0.286) under heat stress. Thus, as the heat stress increases substantially, plant height decreases as a result there is significant decrease in grain yield. Tassel blast showed significant positive correlation with leaf firing (0.133, 0.934) indicating the expression of these two traits together under heat stress condition. Another yield attributing trait i.e., number of grains per cob (0.458, 0.453) exhibited significant positive association with yield in both the experiments and proved that it is an important trait to determine the grain yield under heat stress. ) Jodage et al., (2017 reported that plant height, ear height, number of kernels per cob and shelling per cent were positively associated with grain yield and ASI was negatively associated with grain yield under heat stress.
From the present study, it is confirmed that most of the traits of tropical maize under heat stress conditions are controlled by nonadditive gene action. The traits viz., plant height and number of grains per cob could be considered as positive traits and tassel blast and leaf firing could be considered as negative traits while selecting tropical maize lines /hybrids for heat stress tolerance, as they exhibited positive and negative associations with grain yield under heat stress, respectively. Further, in both the experiments, parents with desirable gca effects and potential hybrids with desirable sca effects for heat tolerance as well as yield traits were identified.
